Polycyclic aromatic hydrocarbons (PAHs) persist in soils due to their low volatility, low water solubility and low biodegradability, all of which make it difficult to remove this type of compound from soils. The work described here involved the study of a combined surfactant-aided soil washing (SASW) process and coagulation treatment, using iron and aluminium salts, to remediate a low-permeability PAH-polluted soil.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a group of more than 100 chemically different substances that are generally composed of non-polar molecules formed by two or more benzene rings [1] . For this reason, these compounds are classified as hydrophobic organic compounds. These substances are formed during the incomplete combustion of coal, oil, diesel or gasoline, and other organic substances.
Normally, these materials enter the environment from several sources: the gases emitted by engines during combustion of gasoline and especially of diesel, the combustion of wood or coal, and from sites associated with industries such as gas production, the refinement of oil and the manufacture of wood. PAHs are an important class of pollutants since some compounds have been classed as carcinogenic, mutagenic and teratogenic [2] [3] [4] [5] . Moreover, they are very persistent in soils and sediments due to properties such as low volatility, low water solubility and low biodegradability. These characteristics make it very difficult to remove this type of compounds from soils [6, 7] .
Surfactant-aided soil washing (SASW) is one of the standard technologies in the remediation of soils polluted with PAHs [8] [9] [10] [11] . This approach involves washing the soils with an aqueous surfactant solution with the aim of enhancing the water solubility of the PAHs and forming O/W emulsions with micro-drops of PAH. The resulting emulsions can subsequently be treated by a wastewater treatment technology such as: electrochemical oxidation, ozonation, biological treatment, etc. [12, 13] . In this way PAHs are removed from the soils and the pollution is transferred to the washing fluid.
At present, one of the most relevant technologies for the treatment of O/W emulsions is coagulation. This method involves destabilization of the micro-drops of organics by the action of a chemical reagent (usually an iron or aluminium species), which leads to the break-up of the emulsion and the formation of two phases that can be easily separated.
The objective of the work described here was to study the combination of a SASW process with a coagulation process to remediate a low-permeability phenanthrene-polluted soil (kaolinite). In this study two partial objectives were set: firstly, to compare the effectiveness of the SASW process with low-permeability soils polluted with phenanthrene using three different types of surfactants as washing reagents (anionic, cationic and non-ionic) and, secondly, to treat the effluents produced in the SASW process by coagulation using iron and aluminium salts.
Materials and methods
Kaolinite was selected as the model for a clay soil in this work. This material is not reactive and it has low hydraulic conductivity, low cation exchange capacity and no organic content. The physico-chemical properties of this soil are shown in Table 1 .
Phenanthrene (97%) was selected as a model PAH and this compound was obtained from Merck. 5
Preparation of simulated soil
Samples of polluted soil were prepared by dissolving phenanthrene in acetone and then mixing this phenanthrene/acetone solution with the kaolinite. The spiked clay was aerated during one day to favour evaporation of the acetone and in this way the phenanthrene was homogeneously distributed on the clay surface. This method has been described in the literature by different researchers [14] [15] [16] [17] .
Surfactant-aided soil washing
Surfactant-aided soil washing tests were carried out in a stirred bench-scale tank operated in discontinuous mode. The tank volume was 2000 cm 3 . Low-permeability soil (135 g) polluted with 500 mg phenanthrene kg -1 of soil and 1800 cm 3 of washing solution (containing deionised water and 10 g dm -3 of surfactant) were mixed in the reactor for 6 hours at a stirring speed of 120 rpm [14] . The same tank then acts as a settler (during 24 hours) to separate the soil from the effluent generated during the soilwashing process. These effluents consisted of aqueous mixtures of phenanthrene and surfactants with a very high COD. The phenanthrene removal percentage (PRP) was calculated using Eq. (1), where Cf is the outstanding phenanthrene concentration and Co is the initial concentration in soil samples. properties of these compounds are given in Table 2 .
Coagulation of soil-washing wastewater
Discontinuous chemical coagulation experiments were carried out in a standard jar test experimental set-up coaple with a thermostatic bath (J.P. SELECTA, Spain). In Each experiment, a fixed amount of coagulant solutions (134 g/l AlCl3.6H2O or 240 g/l FeCl3) was added to 150 ml of soil-washing wastewater. This solution was vigorously and slowly stirred during 3 and 15 minutes respectively, and after that it was left during 60 minutes to allow the sedimentation of the solid particles.
Analyses
To quantify the amount of phenanthrene present in the soil, it is used an L-S extraction process. It is carried out in Eppendorf tubes (15 ml) and using hexane as solvent (ratio polluted soil/solvent = 0.2 w/w). Both phases was vigorously stirred in a VV3 VWR multi-tube and subsequent phase separation was accelerated by the use of a centrifuge rotor angular CENCOM II P-elite. To determine the phenanthrene concentration in liquid phase an L-L extraction process was used also. It is carried out in bottles (100 ml) and using hexane as solvent also (ratio PHE solution/solvent = 0.22 v/v). Both phases were slowly stirred in an orbital shaker (100 rpm) during 5 h (operation time required to attain the steady state).
In both cases, the concentration of phenanthrene in the resulting liquid extract phase was determined by UV-visible spectrometry (Shimadzu UV-1603). The characteristic absorbance peaks of phenanthrene in the UV-visible spectrum were at 346, 338 and 330 nm. The absorbance at these three wavelengths was used to quantify the phenanthrene concentration. The standard deviation of this determination is lower than 5 %.
To check the mass balance of the system and to verify the quality of the analytical metahology used, it was used the following methodoly. Firstly, the total initial mass of the soil was divided in 4 portions and each portion was subdivided in other 3 portions.
Secondly, it was measured the initial PHE concentration of each portion of soil. To do this, PHE was extracted with hexane (as it was explained previously). Thirdly, it was carried out the washing process of each portion with anionic surfactant in order to remove the PHE from the soil. After that, the concentration of PHE of both phases (liquid and solid) was measured. To do this, the PHE was extracted with hexane (as it was explained previously). Finally, the error of the global process can be calculated using the equation 2. Table 3 summarizes the results obtained in the study. As it can the average error was lower than 10 %. This value is comparable with data reported in literature [9, 10, 13] .
The removal of washing effluents was evaluated by monitoring the chemical oxygen demand using a HACH DR2000 analyzer [18] . Zeta potential was also measured for the clarified liquid using a Zetasizer Nano ZS (Malvern, UK). The turbidity measurement was carried out in a 115 VELP SCIENTIFIC turbidimeter, using the Nephelometric Method [18] ). This instrument measures the intensity of light scattered 90 degrees from the path of incident light.
Results and discussions

Surfactant-aided Soil-Washing (SASW) Process
The dynamics of the surfactant-aided soil-washing processes are represented in However, it is difficult to make a direct comparison as the extraction percentages removal and thus the efficiency of the process depend, among other factors, on the ratio surfactant/pollutant and fluid-dynamic conditions.
The effect of the surfactant dose in the steady-state PRP obtained during the SASW process is shown in Fig. 2 . For the ionic surfactants, an increase in the dose leads to an increase in the efficiency of the SASW process. The changes are more significant in the case of the cationic surfactant, although the steady-state PRPs obtained are smaller than those observed with the anionic surfactant. This is in agreement with data reported in literature [19] [20] [21] [22] . According to these works, it can be assumed that it is related to the higher solubility of PHE in high concentrated surfactant solutions. On the other hand, the results obtained with the non-ionic surfactant are opposite to those described above:
an increase in the surfactant dose (until 2 % wt) seems to have a detrimental effect on the results obtained in the SASW process. At the light of the actual knowledge, this behaviour is difficult to explain although it may be related to the absorption of surfactant-contaminant group at the soil surface [23] .
The effect of the pollutant concentration on the washing capacity of the SASW process is represented in Fig. 3 . Within the range studied (400-2000 mg kg -1 ) it can be observed that the higher the level of pollution in the soil, the higher the level of phenanthrene removed by soil washing. In all cases the anionic surfactant was the most efficient, with removal of pollutants over 90%.
Treatment of soil-washing wastewaters with coagulation technologies
The wastewaters produced in an SASW process consist of an emulsion of phenanthrene in water stabilized by the surfactants [24] . In addition, wastewater can also contain particles of soil dragged in during the washing process. Consequently, the effluents consist simultaneously of a colloidal suspension and an O/W emulsion.
Aggregation of the micro-drops of phenanthrene and the micro-particles is not favoured due to the existence of superficial electrical charge in these particles. Therefore, in order to obtain an effective process for the treatment of this wastewater a stage is required in which the destabilization of the emulsion and colloidal suspension is promoted by the addition of coagulants [25] .
The influence of the dose of aluminium on the removal of COD during the coagulation of the three types of wastewaters is represented in Fig. 4 . It can be observed that the coagulation process is only able to destabilize the wastewater polluted with anionic surfactant and is completely inefficient for the other two wastes. The dose of aluminium required is not very high for the concentration of pollutant, and this suggests a charge-neutralization mechanism to explain the emulsion break-up. This coagulation mechanism was confirmed by the pH and z-potential measurements shown in Fig. 5 .
The pH decreases to 3.2 due to the acidic properties of the aluminium chloride added and the z-potential increases to 0 for the same dose for which the emulsion break-up is observed (10 mmol Al 3+ dm -3 ).
The effect that the surfactant concentration has on the washing-water and the initial phenanthrene concentration in the soil has on the efficiency of the coagulation of the wastewaters produced in the SASW process are shown in Fig. 6 . In all cases coagulation enables COD removal greater than 90%, although the doses required depend on the concentration of phenanthrene and on the concentration of surfactant.
The effect of these two parameters is different in terms of importance, with the surfactant concentration being more significant. Thus, the dose of aluminium depends strongly on the concentration of surfactant because an increase in the concentration of surfactant from 1 to 2% almost doubles the required break-up dose. In contrast, an increase in the concentration of phenanthrene only leads to a slight increase in the dose of aluminium required. This behaviour is expected because the coagulant reagent only interacts with the sulphate groups of the surfactants and the phenanthrene concentration only influences the size of the micro-drops of the emulsion, which can also be influenced by many other parameters in the SASW process such as stirring rate or surfactant/phenanthrene ratio. Conversely, as can be observed in Fig. 7 , the concentration of coagulant reagent required to attain turbidity values below 10 NTU does not seem to depend strongly on the presence of phenanthrene.
The effect of a modification in the initial pH of the SASW wastewater on the results of the coagulation process is represented in Fig. 8 . It can be observed that this change does not influence the final results of the emulsion break-up, but it does have a marked influence on the required dose of reagents. The acidic properties of aluminium chloride always lead to a low pH of the coagulation system and this change helps to neutralize negative charges on the micro-drops, as evidenced by changes in the zpotential. In the case of the wastewater modified to acidic pH, the pH does not change appreciably during the treatment and the z-potential is around the isoelectric point. The pH could be the most important parameter in a coagulation process as both coagulant species and coagulation mechanisms are dependent on this factor. The results obtained indicate that monomeric cationic species (those that prevail at this pH range) are the only effective species in the coagulation of this type of wastewater.
The effects of the type of reagent used on the results of the coagulation process are shown in Fig. 9 . Numerous studies have been published in which the influence of the type of coagulant used on coagulation processes have been evaluated [26] [27] [28] [29] and this is the result of their significant influence on the coagulation mechanisms. The most widely used coagulants in these processes are salts of aluminium or iron. In this study tests using aluminium, iron, and mixtures of the two metals as coagulants were carried out. It was observed that the performance obtained in the process (expressed in terms of both COD and turbidity removal) does not depend on the type of coagulant used. This finding suggests that both metals act with the same coagulation mechanism.
Conclusions
Surfactant-aided soil washing (SASW) gives good results for the remediation of low-permeability soils polluted with phenanthrene. Of the three different types of surfactants used as washing reagents, the anionic surfactant was the most efficient and gave pollutant removal percentages over 90% (double the efficiency obtained with the cationic surfactant). The coagulation process appears to be a good alternative for the treatment of SASW-wastewater, which consists of an emulsion of phenanthrene in water stabilized by the surfactants. The dose of aluminium required is not very high and a charge-neutralization mechanism can explain the emulsion break-up obtained in the treatment of surfactant aqueous wastes. On the other hand, the effect of surfactant 13 concentration on the soil-washing wastewater seems to be more significant in the performance of the coagulation process than phenanthrene concentration. The coagulant reagent interacts mainly with the sulphate groups of the surfactant while phenanthrene only influences the size of the microdrops. The results obtained do not depend on the type of coagulant used (iron or aluminium salts).
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